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Summary 
We report a detailed analysis of TCR Va and Vp chain 
expression on immature versus mature thymocytes of 
normal, TCRfMransgenic, and TCRa-hemizygous mice. 
Chain pairing between TCR Vaand Vp chains is random 
on immature thymocytes, but individual chain pairs 
are selected in mature thymocytes. This indicates that 
Va-VP chain pairing preferences are determined dur- 
ing thymic selection, and not as a result of structural 
constraints. Dual Va chain expression is found fre- 
quently on immature, but not mature thymocytes. It 
is not found in TCRa-hemizygous mice, showing that 
cell surface expression of dual a chains is caused by 
lack of allelic exclusion in immature thymocytes. 
Down-regulation of one of the a chains occurs concur- 
rently with differentiation from TCR’“, CD69- to TCRh’, 
CD69+phenotype, suggesting that it is associated with 
positive selection of the functional TCR. 
Introduction 
In thymocytes developing along the T cell receptor (TCR) 
a6 lineage, the rules governing regulation of a and 8 chain 
gene rearrangements are distinct. While.the presence of 
a productively rearranged 8 chain gene generally prevents 
further 6 chain gene rearrangement (Uematsu et al., 1988; 
Krimpenfort et al., 1989) both alleles of the a chain gene 
rearrange until a productive TCRa8 is formed and under- 
goes positive selection (Malissen et al., 1992). Positive 
selection causes the end of a chain rearrangement by 
shutting off the RAG7 and RAG2 genes (Borgulya et al., 
1992; Brandle et al., 1992; Petrie et al., 1993; Kouskoff 
et al., 1995). Thus, immature thymocytes have the poten- 
tial to express two a chain messages and two TCR a chain 
proteins on their surface. Mouse T cell clones frequently 
carry two in-frame Vu rearrangements and express two 
mRNA species but have not been found to express two 
cell surface a chains (Malissen et al., 1988; Kuida et al., 
1991; Couez et al., 1991). In view of the competence of 
both a chain loci to make productive rearrangements, the 
mechanism of allelic exclusion of the a chain must be at 
the level of posttranslational control. Cell surface expres- 
sion of two a chains has been detected in TCR transgenic 
mice (Heath and Miller, 1993; Hardardottir et al., 1995) 
and in peripheral T cells (Padovan et al., 1993; Heath et 
al., 1995). Human T cells expressed two different a chains 
as part of two functional and independent TCRs on about 
30% of peripheral Tcells (Padovan et al., 1993). Although 
allelic exclusion of the 6 chain is much more effective, a 
low proportion of peripheral T cells are reported to express 
two 6 chains (Davodeau et al., 1995; Padovan et al., 1995; 
Balomenos et al., 1995). Thus, poor allelic exclusion, es- 
pecially of the TCR a chain gene, seems to allow violation 
of the “one cell, one receptor” rule. However, the mecha- 
nism of T cell thymic selection may ensure that the rule 
is functionally inviolate in that one of the TCRs is probably 
unreactive to self-major histocompatibility complex (MHC) 
(Hardardottir et al., 1995). Previous studies have analyzed 
T cell clones or mature peripheral T cells. In this study, 
we analyze a chain allelic exclusion during thymic devel- 
opment. 
During differentiation in the thymus, CD4+CD8+ (double 
positive or DP) immature thymocytes develop to become 
mature CD4+CD8- or CD8+CD4- (single positive or SP) 
thymocytes (reviewed by Robey and Fowlkes, 1994). Dur- 
ing this process, the TCR cell surface expression level of 
DP cells goes from TCR- through TCR’” to TCRhi (Havran 
et al., 1987; Crispe et al., 1987). The TCRh’ DP cells repre- 
sent a group that has undergone thymic selection and 
that goes on to become the mature SP TCRh’ thymocytes 
(Penit, 1990; Shortman et al., 1991; Huesmann et al., 
1991). The TCR’” and TCRh’ cells thus represent pre- and 
postselection cells, respectively. Expression of particular 
Vu-V6 pairs could be influenced by structural constraints 
(allowing specific a chains to pair preferentially with spe- 
cific 8 chains), or by positive and negative selection. Pair- 
ing constraints mediated at the level of ap pairing have 
been found in T cell clones (Malissen et al., 1988; Saito 
and Germain, 1989; Couez et al., 1991). In vivo, af3 chain 
pairing has only been evaluated in the periphery and was 
found to be highly selective (Uematsu, 1992; Waanders 
et al., 1993; Vacchio et al., 1993; Alam et al., 1995). Not 
only wasVa-V8 pairing strain specific but it was also differ- 
ent in CD4’ and CD8+ T cell subsets. However, previous 
studies could not distinguish between selective chain pair- 
ing due to structural constraints and selection for or 
against particular Va-Vf3 pairs on the basis of their recog- 
nition specificities. Comparison of the a6 pairing in the 
TCR’” and TCRhi thymocyte populations should reveal at 
which level pairing is controlled. 
In this study, we investigated Va-VP pairing rules and 
examined allelic exclusion of the a chain in thymocyte 
populations from adult mice. We found that thymic selec- 
tion rather than structural Va-Vf3 preference is primarily 
responsible for selection of af3 pairing during T cell devel- 
opment. Analysis of a chain expression revealed that 
among immature thymocytes, a high proportion of cells 
expressed more than one cell surface a chain. During 
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selection, one a chain was down-regulated so that neither 
mature thymocytes nor peripheral T cells expressed two 
cell surface a chains. 
Results 
Detection of Va-VP Expression in the Thymus 
Single-color staining of thymocytes with anti-Va or anti-VP 
antibodies shows that 50/o-10% of total thymocytes ex- 
press any one of the Vu or VP elements for which we 
tested (Figures lA, 1B). Of these, about 50/o-10% have 
undergone thymic selection to become ap TCRh’-express- 
ing mature thymocytes (Penit, 1990; Shortman et al., 
1991; Huesmann et al., 1991). To determine the influence 
of structural constraints, thymic selection, or both on Va- 
VP pairing in the thymus, FACS data were collected on a 
large number of TCR’ cells. Two-color staining with 
anti-Va and anti-VP antibodies was followed by FACScan 
analysis, in which TCR- cells were gated out during data 
acquisition (Figure 1C). This staining protocol allowed the 
identification of distinct populations of cells, based on their 
level of TCR expression, and showed two distinct single- 
stained populations of Vu- and VP-expressing cells, and 
two double-stained populations representing TC!+ (Fig- 
ure lC, region 2) and TCRht cells (Figure lC, region 1). 
Within the TCR’O and TCRhi thymocyte populations, we 
determined the proportion of T cells within each Va- 
expressing subset that expressed particular V(3 chains. 
This was achieved by selective gating on two regions, Rl 
and R2, which correspond to TCR”’ and TCR’” cells, re- 
spectively, within each Vu’ subset (Figure 1D). The fre- 
quency of VP+ cells within the Vu’” or Vahi population was 
then calculated as a percentage of the Vu-expressing 
cells, using a gated histogram within each of the above 
regions (Figures lE, 1F). By this means, we were able 
to determine whether the pairing of a and /3 chains was 
influenced by structural constraints, or by repertoire selec- 
tion. In the presence of structural selection, a specific Vu 
would be expected to pair with a specific Vp in preference 
to other VP chains. The influence of structural constraints 
was determined by comparing the TCR’” cells for the fre- 
quencies of different pairs of Vu and V/3 elements. The 
influence of thymic selection was analyzed by comparing 
the proportion of TCR”’ cells with TCR’” cells for different 
a/3 pairs (see below). 
To confirm that the level of TCR expression truly reflects 
the progression of immature DP thymocytes to mature 
postselection SP thymocytes, we determined the CD4/ 
CD8 status and CD69 expression of the TCl? and TCR”’ 
cells. We performed a three-color FACS analysis using 
anti-CD4 plus anti-CD8, with either anti-Vu or anti-VP anti- 
bodies. Different subsets of TCR’ cells, defined by their 
level of TCR expression, were analyzed for their expres- 
sion of CD4 and CD8 molecules. This is illustrated in Fig- 
ure 2A using anti-Vu2 as the anti-TCR reagent. Similar 
results were obtained with anti-VP6 (data not shown). 
TCR’” cells were largely DP (86%), while TCRh’ cells were 
primarily SP (either CD4 or CD8) cells, with some DP cells 
as well (15%). An increased level of expression of the 
CD69 marker is indicative of cells that have undergone 
positive selection (Bendelac et al., 1992; Swat et al., 1993). 
Thymocytes were stained for Va2, Vj36, and CD69 (Figure 
28). While only 13%-23% of TCR’” cells expressed CD69, 
about 80% of TCR”’ cells were CD69 positive. This con- 
firmed that the TCR’” and TCRhi cells defined by staining 
with this set of anti-TCR monoclonal antibodies (MAbs) 
correspond closely to DP CD69- immature thymocytes 
and the SP CD69+ mature populations, respectively. 
anti-V& anti-VP6 
I I 
anti-Vu2 anti-Va2 
Figure 1. Detection of Va-VP Pairing in Thy 
mocytes 
(A) Expression of Vu2 in TCR, TCI?, and 
TCR”’ thymocytes. Ml gates the TCR” and M2 
the TCR”’ cells. 
(6) is the same for VP6 staining. 
(C) Vu2Vp6 pairs in TCR’” (R2) and TCR”’ (Rl) 
thymocytes where anti-Va2 is ordinate, anti-Vp 
is abscissa. During simultaneous staining with 
anti-Vu and Vg antibodies, TCR- cells were 
gated out to allow acquisition of TCR+ cells 
only. 
(D) shows a similar experiment with gate- 
setting for calculation of percentage of VpS+ in 
Va2” (R2) and Va2”’ (Rl) subsets. 
(E, F) The histograms for R2 and RI, respec- 
tively. 
anti-VP6 (Va210) anti-VP6 (vdP) 
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Vu-VP Chain Pairing in Immature (TCW) 
and Mature (TCW) Thymocytes 
Pairing of Vu2 and Vu1 1 chains with Vf33, VW Vf37, and 
VP1 1 was analyzed in thymocytes from two strains of mice, 
BlO.BR (H-2k) and C57BU6 (H-2b) and the results shown 
in Figure 3A. All calculations for a given Vu-V5 pair were 
done with a gate drawn on either Vu’” or Vahi cells and 
then the percent of cells that were VP+ within these gates 
was determined. In the pool of immature (TCW) thymo- 
cytes, the percentage of the different Vp chains paired 
with either Va2’or Vu1 l+ was approximately equal. About 
8%-l 1 O/o of cells positive for both Vu2 and Vu1 1 combined 
with each of the different VP elements. Neither Vu2 nor 
Vu1 1 paired specifically with one VP in preference to any 
other Vp chain. This was true for immature thymocytes 
(TCR”‘) in both BlO.BR and C57BU6 mice. Thus, the ex- 
pression of low levels of TCR in immature thymocytes in- 
volved a random association of a and p chains, without any 
structural preference for a specific Vu-VP pairing. Overall, 
the proportion of individual Vu-VP pairs was surprisingly 
high. The majority of this staining was specific. Approxi- 
mately 0.1 of the values shown for TCW cells in Figure 
3a can be accounted for by staining artifact. This was 
determined from experiments with dual anti-Vu staining 
A 
Va2+ Tcells 
P  
Rl gated Va21° cells 
of a chain hemizygous mice (in experiments similar to that 
in Figure 4; data not shown). This illustrates the limits of 
the flow cytometry technology on these TCRO-expressing 
cells. 
Analysis of the TCRhi cells showed significant differ- 
ences in the expression of particular Vu-VP pairs. For 
each of the Vu-VP pairs analyzed, the proportion of cells 
expressing the pair was higher in the TCR’O cells than in 
the TCRhi cells. However, for Vf36’ cells paired to either 
Vu2 or Vu1 1, the difference between TCR’” and TCRh’ cells 
was less evident in Bl O.BR thymus. There were also signif- 
icant differences between the proportion of TCW cells for 
each Vu-V5 pair. For example, among both Va2’ and 
Vu1 1+ cells, the percentages of VoS+ and VP11 + cells were 
higher thanVf33+andVP7+cells. Asthesechainsassociate 
randomly in TCR’” cells, the differences must reflect the 
effect of thymic selection of these cells during their pro- 
gression to TCRh’ SP mature thymocytes. T cells express- 
ing VP11 are deleted in BlO.BR but not in 86, owing to 
the expression of Mtv-8 and Mtv-9 sag genes. The B6 
strain expresses no I-E molecule, which is required for 
thymic deletion of these Mtv-sags (Bill et al., 1989). In 
BlO.BR TCR’” cells, Vf311 was expressed in association 
with both Vu2 and Vu1 1. The VP1 1’ cells in the TCRh’ 
R2 gated VozZhi cells 
I  
:  
R2=23% 
! 
anti-Vu2 anti-CD69 anti-CD69 
Figure 2. CD41CD8 and CD69 Expression of TCR’” and TCR”’ Thymocytes 
Cells were stained with antiCD4, antiCD8, and anti-Va2 antibodies. Gates were set for expression of total Va2, Va2’” (Rl), or Va2”’ (RZ). The 
CD41CD8 profile of these gated populations is shown as dot plots below the appropriate Vu2 staining histogram. 
(B) Thymocytes were stained for Va2, Vf38, and CD89 expression. Gates were set on Va2V86”‘, (Rl), Vu2”’ (R3), Va2V86lo (R2), and Va2’” (R4) 
cells. The CD69 expression for each gated population is shown as a histogram. 
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Figure 3. Selection of Va-Vf3 Pairing with Thy 
mocyte Maturation 
(a) Thymocytes were stained as described for 
Figure 1. Results are presented for percentage 
of Vp expression within cells expressing high 
or low levels of Va2 or Vu1 1. 
(b) Va-VP chain pairing in Vf33-transgenic thy 
mocytes. Thymocytes from Vp3 transgenic 
BlO.BR mice were stained for Va regions as 
described in the legend to Figure 1. Results 
from one representative experiment are shown 
in contour plots. For statistical analysis, data 
from three experiments were pooled, shown in 
the box at bottom left. 
anti-VP3 . 
Vu11 6.9 (0.9) 9.9 (0.6) 0.02 
anti-V03 
population were deleted as expected; only a small number 
of Va2Vf311+ (0.5%) and Vu1 lVf31 1+ (0.7%) cells were 
detectable among the TCRh’ cells. 
The host MHC has a strong effect on the selection of 
some Vu-V6 TCR pairs. The Bl O.BR thymus had a signifi- 
cantly higher percentage of V86+ cells than did 86 thymus. 
This was true for both Va2+Vf36+ and Vu1 l+VbS+ cells, as 
would be predicted from the positive selection of Vf36+ cells 
on I-Ek, described in other systems (Bill and Palmer, 1989; 
Benoist and Mathis, 1989). A difference in selection was 
also noted within V83+ cells. In the 66 thymus, V83+ among 
Va2’ cells were less frequent (3.5%) than those in Vu1 I+ 
(5.5%) cells. However, the reverse was true for BlO.BR 
thymus (4.5% versus 2.8%). This suggests that these 
pairs are selected differently by H-2b and H-2k and that the 
repertoire selection is acting on the Vu-V6 combination 
rather than on the V8 alone. 
Va-VP Chain Pairing in Vp3+ Transgenic 
Thymocytes 
To simplify analysis of a8 pairing in thymocytes, we have 
also investigated Vu use in a VP3 transgenic mouse. This 
carries the V83-Df32-J62.5 6 chain transgene from the T 
cell line 284, bred onto the BlO.BR background (Berg et 
al., 1989). Use of a transgenic animal reduces the analysis 
to a single Vf3 chain, which is a particular advantage in 
investigating the Vu elements that are expressed on lower 
numbers of cells, such as Va3.2 and Va8. We have thus 
analyzed the association of Va2, Va3.2, Va8, and Vu1 1 
with Vf33 in the transgenic thymus. The data are shown 
in Figure 3b, and confirm and extend our previous obser- 
vations. The association of VP3 with the four different Vu 
chains was random in TCRl” immature thymocytes. TCRO 
anti-Vp3 
V63+ cells expressed each of these Vu chains in roughly 
equal proportion (6%-70/o). In the TCRh’ cells, however, 
a significant effect of thymic selection was evident. While 
the association of both Vu2 and Vu1 1 with V83 was signifi- 
cantly higher, the pairing with Vu8 and Va3.2 was lower 
than in the unselected immature population. Thus, the 
relative increase in TCRh’ cells among Va2’ and Vu1 1+ 
cells was probably a reflection of selection of these TCR 
but not of Va3.2 TCR. Overall, these data confirmed that 
the difference in Vu-V6 association in mature thymocytes 
is largely the effect of thymic selection and is not due to 
structural preference in Vu-V6 pairing. 
Expression of Two TCR a Chains 
in Immature Thymocytes 
The high percentage of TCR’O cells stained with any of the 
anti-Vu reagents (Figure 3) suggested that a large propor- 
tion of these immature cells may express more than one 
a chain. By simultaneously staining with two different 
anti-Vu antibodies, we found coexpression of Vu2 with 
both Vu1 1 and Vu8 among TCR’” cells (Figures 4Ad, 4Ag). 
About 6% of Va2’” cells costained for Vu1 1 and Vu8 (Fig- 
ures 4Ae, 4Ah) and staining for antiVa2, Va8, and Vu1 1 
together gave approximately the sum of the two costain- 
ings together(Figures4Aj, 4Ak). Similar results were found 
comparing B6 and BlO.BR thymocytes(Figure48). Incon- 
trast, TCRh’ cells expressed only a single Vu chain, since 
the percentage of cells positive for two Vas in this popula- 
tion was insignificant (Figure 4Af, 4Ai). A similar experi- 
ment with anti-V6 antibodies showed negligible staining 
of TCR’” cells with both antibodies (Figures 4Aa-c). Thus, 
there is expression of more than one Vu chain in immature 
thymocytes, but only one Vu chain is expressed after posi- 
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a b TCR’o TCRhi C C57BU6 BlO.BR 
d e 
am-Vu2 
9 h 
Figure 4. Dual Expression of a Chains on Immature Thymocytes 
anti-V&? anti-Va2 
(A) Dual expression of a chains in immature thymocytes. (a) staining of thymocytes for V86 with anti-V81 1 plus anti-V83 staining shows negligible 
dual Vp expression in TCR’” (b) or TCW(c) cells. Staining for anti-\/a2 and anti-vall (d) or antiVa8 (g) in the TCR” (e. h) and TCR”‘(f, i) populations 
of thymocytes shows that significant numbers of the TCR’” cells express dual Vas on the cell surface. (i-l) shows that staining for three anti-Vas 
gives roughly the sum of the two double staining experiments. 
(6) Dual Vu staining in thymocytes from ElO.BR and B6 mice stained for anti-Va2 with anti-Va3.2, Va8, or Vall. The numbers are percentage 
of Va3.2’“. VaE’“, or Vall’O in Va2”. 
tive selection. The other a chain is somehow prevented an analysis of peripheral Va2+ cells (Figure 5) only about 
from cell surfaceexpression. Thiswasconfirmed in periph- 0.1% cells costained with either Va3.2, Va8, or Vall. On 
eral T lymphocytes, since in splenocytes from B6 mice, Va2+ gated cells, this was less than 1% of total Va2’cells, 
mature lymphocytes expressed only a single a chain. In a level of staining equivalent to background. Thus, al- 
anti-k2 
P 
anti-Va2 anti-Va2 
Figure 5. Peripheral T Cells Do Not Express Dual Vas 
Staining was performed as in Figure 4 on Thyl’ splenocytes from 66 mice. No significant expression of more than one Va was detected 
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rat lgG2b anti-Vcx3.2 anti-k8 anti-Vcxll 
H I J K 
anti-Va2 anti-Vcz3.2 anti-Va8 anti-Val 1 
Figure 6. Dual Vu Expression in Sorted Va2’” 66 Thymocytes 
Thymocytes were stained with anti-VaP-FITC and sorted on the basis of intermediate Va2 expression. They were restained for either Va3.2, Va8, 
or Vu1 1, Upon restaining, the sorted cells were acquired on a propidium iodide (PI) gate to exclude dead cells (A). Analysis of these cells was 
carried out by first excluding doublets on a pulse-width gate (B). A region gate was then drawn to include only Va2’” cells (C). (D-G) show plots 
of restained Va2’” cells with rat IgG, anti-Va3.2, anti-Va8, and anti-Vu1 1, respectively. Numbers in the upper right quadrants indicate percentage 
of Va2’” cells positive for each of the above Va (E-G) or the control antibody (D). (I-K) show plots of staining with the indicated anti-Va for gated 
Va2”’ cells only (H). 
though dual a chain-expressing cells were readily de- 
tected among TCFP immature thymocytes, neither TCFP 
thymocytes nor mature peripheral T cells appear to ex- 
press more than one a chain at the cell surface. 
To verify the expression of multiple Va elements on indi- 
vidual cells, we enriched Va2r0 cells by FAGS sorting and 
reanalyzed for dual Vu expression (Figure 6). Roughly 1 O6 
Va2’” cells were obtained from 1 O8 thymocytes. The post- 
sort analysis (Figure 6C) revealed that Va2’” cells were 
6004~70% pure with contamination from both TCR- and 
TCR”’ cells. The enriched Va2r” cells were restained with 
antNa3, Va6, and Vall antibodies and analyzed for 
coexpression with Va2 (FiguresaD-6G). During this analy- 
sis, Va2- and Va2h’ cells were excluded by restrictive gat- 
ing (Figure 6C), and doublets were excluded with a pulse- 
width gate (Figure 66). Upon reanalysis of Va2r0 cells, 
about WO-6% of these thymocytes did indeed coexpress 
Vu3, Va8, and Vall. In contrast, the gated Va2” thymo- 
cytes did not (Figures aI-6K). This confirmed our previous 
observation on total TCR’ thymocytes. Furthermore, fre- 
quencies of dual Va-expressing cells obtained from sorted 
Vu2 cells were similar to those obtained by direct FAC- 
Scan analysis. 
Because of the relaxed control of a chain gene re- 
arrangement, the most likely reason for surface expres- 
sion of two different a chains is the potential for rearrange- 
ment on both chromosomes. We investigated this by 
taking advantage of Fl generation mice resulting from an 
a chain gene knockout line (a”“) crossed with normal B6 
mice (a+‘+). This cross results in mice hemizygous for a 
chain (a”‘+). We attempted to detect dual Va-expressing 
cells on sorted Va’” populations from the a chain hemizy- 
gous (a”) mice. The sort for Va’” cells and the restaining 
of these cells were carried out as for Figure 6 above. The 
reanalysis (Figure 7) revealed a strikingly different picture 
from that observed in normal mice (see Figure 6). The 
sorted Va2’” cells showed no significant increase over 
background (0.8%) when stained for Va3, Va8, or Vall 
(0.2%-l .20/o). Thus, dual Va-expressing immature thymo- 
cytes were detectable only in mice with two a chain genes. 
Discussion 
Pairing of a and p Chains Is Not Determined 
by Structural Constraints, but by Selection 
in the Thymus 
Our experiments show no evidence for limitation of the 
TCR repertoire by restriction on the association of Va and 
Vp elements. Instead, we found that selective expression 
of some Vu-VP pairs arises only after repertoire selection 
with specific consequences noted above. It has previously 
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anti-Va2 
D 
rat-lgG2b 
anti-h8 anti-Val 1 
Figure 7. Dual Vu Expression Is Not Found in TCRaU+ Mice 
anti-Va3.2 
An experiment similar to that in Figure 6 was performed on a’=‘+ mice bred onto the 66 background. Va2’” thymocytes from n chain hemizygous 
mice were enriched by sorting as described above. Upon restaining with anti-Va3.2, Va6, or Vu1 1 antibodies, these TCW thymocytes were 
analyzed as described (Figure 6). PI staining and a pulse-width gate allowed discrimination of dead and doublet cells, as before. Va2’” cells were 
analyzed by gating on Vu2 staining (A). (B-E) show plots of restained Va2’” cells with a control antibody (rat IgG2b) and anti-Va3.2, anti-Va6. and 
anti-Vu1 1, respectively. Numbers indicate percentage of cells positive for each of the above indicated Vu antibody. 
been demonstrated that Va-Vf3 pairs are selectively ex- 
pressed in peripheral T cells (Waanders et al., 1993; Vac- 
chio et al., 1993; Alam et al., 1995). These studies were 
unable clearly to distinguish between causes based on 
selection or on structure, although selection was the fa- 
vored interpretation because differential use of Vu-V6 
pairs was found in CD4 and CD8 peripheral subsets. Our 
studies extend these findings by demonstrating that Va- 
Vf3 pairing preferences occur in the thymus during, but 
not before, the stage at which the TCR repertoire is se- 
lected by self-ligands. In contrast, data from T cell clones 
provides evidence for the importance of structural con- 
straints on a6 pairing in mature antigen-selected T cells 
(Malissen et al., 1988; Kuida et al., 1991; Couez et al., 
1991). In cases where the T cell clone had two rearranged 
and translatable a chains, only one appeared on the cell 
surface with the 6 chain. In some cases, both a chains 
were capable of forming a cell surface heterodimer with 
the 6 chain, so that allelic exclusion was mediated by com- 
petition for the 6 chain (Malissen et al., 1988; Couez et 
al., 1991). In another case, one of the a chains was incom- 
petent to dimerize with the 5 chain (Kuida et al., 1991). 
Our data show that there is no general prohibition of asso- 
ciation between particular Va-containing and V6-con- 
taining protein elements. This does not conflict with the 
findings that an individual a chain protein can be unable 
to associate with an individual 6 chain (Kuida et al., 1991), 
or that, of two a chains, one can associate better than the 
other with an individual 6 chain (Malissen et al., 1988; 
Couez et al., 1991). Those findings deal with uniquely re- 
arranged TCR chains rather than populations that bear the 
sameV region (but different D and J regions). Experiments 
with immunoglobulins have shown generally similar re- 
sults. In vitro competitive chain reassociation experiments 
with chemically separated heavy (H) and light (L) chains 
showed that individual H and L chain combinations had 
higher affinities than others. This was not related to the 
combination that made up the original antigen-binding 
MAb (Hamel et al., 1986, 1987). Similarly, association of 
H and L chains in hybrids of antibody-producing hybrido- 
mas did not show preferential reassociation of the combi- 
nations in the parent hybridomas(De Lau et al., 1991). This 
indicates that the antibody repertoire is not constrained by 
a requirement for high affinity pairing of particular VH-VL 
combinations, but is molded by antigen-driven selection 
for antigen-binding clonotypes (Hamel et al., 1986, 1987; 
De Lau et al., 1991). Similar forces appear to be at work 
in generation of the TCR repertoire. 
Dual Vu Expression on Immature, but Not 
Mature Thymocytes 
We have demonstrated that a large proportion of TCR’” 
immature thymocytes express two different cell surface 
Va regions. As they undergo positive selection and transit 
to the mature TCRh’ population, they change to express 
a single cell surface Va-VP pair. In principle, expression 
of two a chains can occur by expression of rearranged 
geneson each chromosome (Malissen et al., 1988,1992), 
or through the sequential rearrangement of a chains on 
one chromosome (Marolleau et al., 1988; Borgulya et al., 
1992; Petrie et al., 1993). In the latter case, the product 
of the old rearrangement would have to survive long 
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enough for cell surface protein to be left when the product 
of the new rearrangement appears on the cell surface. 
Since TCR ad+ mice did not express dual Vas in the imma- 
ture thymocyte compartment, the two a chains must be 
expressed one from each chromosome. However, the ex- 
tra time and manipulation required for the experiment (Fig- 
ure7)in which thiswasshowncould besufficientfortheold 
rearrangement product to have decayed, so this remains a 
weak possibility. 
Previous studies have demonstrated that allelic exclu- 
sion of a chains isvery poor. The frequency of an individual 
Tcell having two in-frame a chain rearrangements is about 
1 in 4, calculated from studies of T cell clones (Malissen 
et al., 1992). A theoretical treatment of a chain re- 
arrangement indicates that the probability of a cell con- 
taining two in-frame rearranged a chains could approach 
0.3 if a single chromosome can rearrange numerous 
times, and if the probability of positive selection for any 
given rearrangement is low (say < 0.01; Mason, 1994). It is 
thus not surprising that the two a chains can be translated, 
only that they are found on the cell surface in the immature 
thymocytes but not at later stages. Allelic exclusion in ma- 
ture cells appears to occur at the level of protein, probably 
through competition between the two a chains for the 8 
chain (Malissen et al., 1988; Kuida et al., 1991; Couez et 
al., 1991; Borgulya et al., 1992). The immature cells bear 
about IO-fold less cell surface TCR than do the mature 
cells (Havran et al., 1987; Crispe et al., 1987). At first sight, 
it seems counterintuitive that this competition should oc- 
cur in mature cells with larger amounts of TCR, but not 
in the cells with lower levels of TCR. This can be explained 
by the work of Kearse et al. (1994), who demonstrated 
that immature thymocytes have few a8 TCR complexes 
because the a chain is degraded at such a rate that the 
initial interaction between a and 8 chains is limiting. Once 
the a8 complex has formed, it is as stable as in a mature 
cell, and is transported to the cell surface. Because the 
8 chain is much more stable than a, this results in a large 
pool of uncomplexed TCR 8 chains in the immature thymo- 
cytes (Kearse et al., 1994). Two different a chain species 
will therefore not be in competition with each other in this 
excess of 8 chains. When the thymocytes undergo positive 
selection, the transcription of the a chain is up-regulated, 
resulting in increased a chain protein production and in- 
creased cell surface expression (Kearse et al., 1995). As 
the relative quantities of a and 8 chain proteins come 
closer, differences in affinity between two a chains for 
binding to a single type of 8 chain will exert themselves. 
This competition will result in the functional allelic exclu- 
sion of a chains that we see in mature thymocytes and 
in peripheral T cells. However, it does not preclude the 
possibility of finding some peripheral T cells expressing 
more than one cell surface a chain. This could occur when 
the two a chains have roughly similar affinity for the 6 
chain. 
Another possible explanation is that positive selection 
favors the cells with only one a8 species on the cell sur- 
face. For example, where one a chain outcompetes the 
other or where only one productive a chain rearrangement 
has occurred. This could happen if the signal for positive 
selection isdiluted in the presence of two a6 combinations, 
so that the signal is not strong enough to induce selection. 
The unselected cells would then die by neglect. However, 
this can only explain the data if signaling through the TCR 
needs all (or most) of the TCRs to be able to interact with 
ligand; for example, if multimerization is a prerequisite 
for signaling. If not, then a TCR that would be negatively 
selected if it is the only species on a thymocyte might be 
positively selected when diluted by another species. 
A corollary of the argument that allelic exclusion is medi- 
ated by competition between a chains occurring with TCR 
up-regulation is that the competition for 6 must occur after 
the initial TCR ligation step in positive selection (Chan et 
al., 1993; Davis et al., 1993). This occurs at the TCR1° 
stage, since the RAG genes are partially shut off in these 
cells, but only in the presence of positive-selecting ligand 
(Brandle et al., 1992; Kouskoff et al., 1995). As a result, 
a chain competition, which is independent of TCR specific- 
ity, would result in the nonselectable a chain forming a 
part of the up-regulated TCR on 50% the TCRh’ cells with 
two a chains. After down-regulation of one of the CD4/ 
CD8 coreceptors and up-regulation of TCR, the second 
step of positive selection occurs. This is the confirmation 
that a CD4’ T cell recognizes MHC class II, and that a 
CD8+ cell recognizes class I (Chan et al., 1993; Davis et 
al., 1993). At this stage, a T cell where the a chain with 
the highest affinity for the 6 chain does not permit selection 
on the appropriate class of MHC will not progress. Its fate 
will be identical to that of CD4+ cells with a class l-restricted 
receptor and CD8+ cells with a class II-restricted TCR: 
death. 
The percentage of dual Va-staining TCR’” cells is higher 
than might be expected. For example, the experiment in 
Figure 4 shows about 8% of Va2r” cells staining with other 
anti-Va reagents. Better data are obtained from the sorting 
experiment (Figure 8) where, after subtraction of back- 
ground staining, Va2’“cells expressVa3.2, Va8, and Val 1 
at 4.60/o, 3.90/o, and 5.5%, respectively. This is about two- 
fold higher than predicted from the calculation that 30% of 
T cells could have two functional a chain rearrangements 
(Mason, 1994). Forexample: Va3.2’“cells represent -6.60/o, 
Va8’O also represent - 6.6%, and Val 1 lo represent - 8.6% 
of TCR’” cells (S. M. A. and N. R. J. G., unpublished data). 
Thus, we might expect 6.6 x 0.3 = 2.0% of Va2’” cells 
to coexpress Va3.2’” or Va81°, and 8.6% x 0.3 = 2.6% 
to coexpress ValllO. This discrepancy with the predicted 
figure is difficult to resolve at present. We may have slightly 
overestimated the number of the dual Va-expressing 
TCR’” cells because of the difficulty in analyzing low ex- 
pressing cells. However, this probably cannot explain 
such a difference. The possibility that the cells can express 
more than one a chain per chromosome also seems to be 
ruled out as an explanation (see above). A more intriguing 
possibility is that the figure of 30% for two productive a 
chain rearrangements is low. 
Recent studies have analyzed dual Va expression in 
human (Padovan et al., 1993) and mouse (Heath et al., 
1995) peripheral T cells. These studies reported - 30% 
and 1 O%-20% of peripheral T cells with two cell surface 
a chains. Although it is clear that such cells do exist, the 
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calculation of their percentage in the population is less 
sure. In particular, the calculations of Heath and cowork- 
ers (1995) rely on 17 and 29 events in an analysis of 50,000 
T cells. More accurate data should be obtained before 
these numbers are accepted. However, there seems to 
be a discrepancy between relatively common expression 
of dual a chains on peripheral T cells and the functional 
allelic exclusion found in murine mature thymocytes and 
T cell clones. It is important that the results showing dual 
Va expression on peripheral T cells were obtained from 
nonantigen-stimulated cells, and that stimulated cells did 
not appear to express dual a chains (Heath et al., 1995). 
T cells with two a chains may not be as able to respond 
strongly to antigen as those with a single a chain (Heath 
et al., 1995; discussion above). Alternatively, resting T 
cells may have lower relative levels of a chain to p chain 
resulting in lack of competition between a chains, enabling 
both to get to the cell surface. The mechanisms underlying 
these results will provide interesting avenues for further 
study. 
Experimental Procedures 
Animals 
BlO.BR and C57BU6 mice were produced at The Scripps Research 
Institute. The 284 8 chain (V83-Df32J82.5) transgenic mice bred on 
the BlO.BR background were obtained from Dr. L. Berg (Harvard Bio- 
labs, Cambridge, Massachusetts) and maintained at The Scripps Re- 
search Institute. The a chain knockout mice (a”“) were obtained from 
Jackson Laboratories as seventh generation backcrossed to B6, and 
hemizygous aa+ animals were produced by breeding them with 86 
mice. 
Antibodies 
Antibodies were either directly fluorescein isothiocyanate (FITC)- 
conjugated or labeled with biotin. Phycoerythrin (PE)-labeled streptavi- 
din (Pharmingen) and streptavidin-Texas red (GIBCO Laboratories) 
were used to label cells stained with biotinylated antibodies. The follow- 
ing MAbs were used to detect TCR Vu-bearing cells: 820.1 for Vu2 
(Pircher et al., 1992); RR3-16for TCR Va3.2 (Utsunomiyaet al., 1969); 
KT-50 for Vu8 (Tomonari et al., 1989); RR8-1 for Vu1 1 .I and Vu1 1.2 
(Jameson et al., 1991). Other MAbs used in this study were KJ-25 to 
detect TCR Vp3 (Pullen et al., 1988); RR4-7 to detect Vf36 (Kanagawa 
et al., 1989) (FITC labeled); 53-6.7 for CD8 (red 613 labeled); RM-4-4 
for CD4 (red 613 labeled) and anti-Thy1 .P-FITC for total T cells. All 
antibodies except KT-50 (a gift from Dr. K. Tomonari, Fukui Medical 
School, Japan) were purchased from Pharmingen, San Diego, Cali- 
fornia. 
Flow Cytometric Analysis 
Single-cell suspensions of thymocytes from 6- to 8-week-old mouse 
thymus were stained with 50 ul of the first stage MAbs (anti-VuP- 
PE) at the appropriate dilution in phosphate-buffered saline with 0.1% 
bovineserum albuminandO.O2%sodiumazide. Afler30minofincuba- 
tion and washing, second stage antibodies (either anti-VP-FITC or any 
of the other biotinylated anti-Vu antibodies) were added under the 
same conditions as above. After a final washing, samples were ana- 
lyzed on a Becton Dickinson FACScan. All data was acquired after 
gating out the TCR- population to allow analysis of 50,000 TCR’ 
events. Data were analyzed using the PC lysys software and as de- 
scribed in Figure 1. 
Cell Sorting for Va2’” Thymocytes 
Analysis of dual Vu expressors was carried out by first sorting for Va2’” 
cells and then restaining with different Vu antibodies. At least lOa 
thymocytes were stained with anti-VaP-FITC and, after the final wash, 
stained cells were resuspended in the phosphate-buffered salinelbo- 
vine serum albuminlazide buffer as above plus 20 mM HEPES buffer. 
These were then sorted using either a FACStar or FACstar plus instru- 
ment. Live (propidium iodide nonstaining) cells were sorted on the 
basis of both a scatter gate and anti-Vu2 staining. Sorted cells were 
collected in a chilled tube containing RPM1 plus 20%~ fetal calf serum. 
Post-sort analysis showed thatVa2” cells were enriched to 60%-70%. 
The sorted cells were washed and restained with biotinylated anti- 
Va3.2, Va6, or Vu11 antibodies followed by streptavidin-Texas red. 
A control staining was also done with an isotype-matched rat antibody 
(rat immunoglobulin G2b [IgGPb]-biotin, Pharmingen). These were 
then reanalyzed using a FACStar Plus instrument. Dead cells were 
gated out on the basis of FSC versus SSC gate, and on propidium 
iodide staining. Reanalysis of dual Va-expressors was also carried 
out with a pulse-width gate to exclude doublets. 
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